Abstract Anthocyanins occur in potato tuber skin and flesh, sprouts, leaves, stems and flowers. The goal of this study was to identify genomic regions and candidate gene alleles key for accumulation of anthocyanins in potato corolla in various quantities. QTL analyses were performed in two mapping populations segregating for flower colour intensity and candidate genes were identified on the basis of function and location (chalcone isomerase, chi; chalcone synthase, chs) or location (RNA-dependent RNA polymerase 1, RDR1). We detected three and four QTL affecting the violet flower colour intensity using the two mapping populations, respectively. In both populations a locus F, necessary for violet flower colour, segregated and we used different approaches to differentiate the qualitative effect of this locus and to detect the genetic factors affecting the quantitative flower colour intensity. The strongest QTL and the only one common for the two mapping populations was located on chromosome V. The role of all three candidate genes, chi, chs and RDR1, in control of flower colour intensity is supported to different extents by the performed genetic analyses. The most important QTL on chromosome V is most likely in the same position as the QTL for anthocyanin tuber flesh coloration described previously, which indicates that the natural variation in some biosynthetic and/or regulatory genes may influence anthocyanin levels in multiple tissues.
Introduction
In the 16th century, potato (Solanum tuberosum L.) was brought to Europe and grown as an ornamental curiosity or a medicinal plant. It was valued for white or violet flowers, until the nutritional value of the tubers was appreciated and popularized. Now, the potato is the third most important food crop worldwide with the global production that reached 385 million tons in 2014 (FAOSTAT). Numerous cultivars of potato suitable for diversified purposes have been bred with focus on the agronomic and tuber quality traits. However, some variation of flower colour is still present in the cultivated potato gene pool. Among cultivars in The European Cultivated Potato Database (www.europotato.org), the cultivars with white flowers dominate (1477 cultivars), but ones with red violet (887), blue violet (148) and light blue (38) flowers are also present. Potato can also have pigmented tuber skin and flesh, sprouts, leaves and stems. Anthocyanins in potato tuber skin and flesh are not only serving as a genetic model but, just like in other anthocyanin-rich crops and vegetables, enhance the market value of the plant by increasing its visual appeal to the consumer, reducing softening, shrivelling and fungal rots (Passeri et al. 2016) . What is also important, plant products rich in anthocyanins are health-promoting components of the human diet. The health benefits associated with anthocyanins intake include: prevention of the degenerative diseases and cancer, reduction of retinal damage, decreasing inflammatory markers expression, reduction of risk of type-2 diabetes and reduction of weight gain (Passeri et al. 2016) .
The flower colour has been studied in potato as one of the model traits for genetics. Potato flowers are not white, when the dominant allele F is present at locus on potato chromosome X and when there is at least one dominant allele in loci P or R that confers general ability to synthesise anthocyanin pigments (van Eck et al. 1993 (van Eck et al. , 1994 . The F locus was also mapped in tetraploid potato and located on DM1-3 physical map to superscaffold PGSC0003DMB000000106 (Hackett et al. 2014) . Loci P and R affect the anthocyanin presence and composition in all parts of the potato plant. The pigmentation of potato petals, but also tuber skin and flesh vary from blue violet based on petunidin (delphinidin derivative) and conferred by locus P on chromosome XI to pelargonidin-based red violet encoded in locus R (also known as D) on chromosome II and the presence of diversified alleles of these loci in different combinations results in various shades of violet (Salaman 1910; Dodds and Long 1955; van Eck et al. 1993 van Eck et al. , 1994 Lewis et al. 1998) .
De Jong et al. (2004) has demonstrated that map position of the locus P corresponds to the location of gene coding flavonoid 3 0 ,5 0 -hydroxylase (F3 0 ,5 0 H) in tomato. The gene has been then cloned from potato and its co-segregation with violet tuber colour was described in F1 diploid potato family. Furthermore, the red-skinned tubers of cultivar Desiree have been changed to violet after transforming the cultivar with the ''violet'' allele of the F3 0 ,5 0 H, thus confirming that locus P encodes this enzyme (Jung et al. 2005 ). In tomato a gene encoding flavonoid 3 0 ,5 0 -hydroxylase was shown to accept flavones, flavanones, dihydroflavonols and flavonols as substrates as well as to respond transcriptionally to nitrogen deprivation (Olsen et al. 2010) .
Dihydroflavonol 4-reductase (DFR) has been associated with the ability for red anthocyanin synthesis in potato (De Jong et al. 2003) , which was later supported by mapping in tomato of the gene encoding the enzyme to the position overlapping with locus R on chromosome II (De Jong et al. 2004) . Further evidence that the locus R encodes for DFR was obtained by transformation. Introduction of ''red'' allele of DFR to cultivar Prince Hairy with white tuber and pale violet flowers, has changed the flower colour to red violet and, when an appropriate allele of tissue-specific regulatory gene developer (D) was introduced by crossing, the tuber skin colour changed to red violet, too (Zhang et al. 2009a) .
Both F3 0 ,5 0 H and DFR have been manipulated in order to change the colour of potato tubers and, for example, the petals of roses and carnations to violet but to change the quantity of the anthocyanins present in plant tissue, a variety of transcription factors have been targeted by genetic modifications and classical plant breeding. However, it may not be sufficient to enhance the synthesis of the anthocyanins for increased contents of these pigments since their final yield is affected also by their degradation in vacuoles (reviewed by Passeri et al. 2016) .
In potato, an R2R3 MYB transcription factor, designated Stan2 (homolog of petunia's ANTHOCYA-NIN2, AN2), was shown to be encoded in locus D (also known as I) (Salaman 1910; De Jong 1987) on chromosome X controlling the presence of anthocyanins in tuber skin. An allele of Stan2 cosegregating with red tuber skin colour was used for transformation of red-skinned cultivar Desiree as well as whiteskinned Bintje and diploid potato clones resulting in enhanced pigment accumulation not only in tuber skin but also in young foliage, flower petals and tuber flesh (Jung et al. 2009 ). Allelic diversity and interacting proteins of StAN1 were investigated by D 'Amelia et al. (2014) leading to confirmation of its impact on foliage pigmentation. Tuber skin colour of cultivar Desiree deepened also after overexpressing of StAN11, a WD40-repeat gene that regulates expression of DFR (Li et al. 2014) . Other study has shown that transcription factors StbHLH1 and StJAF13 are essential for regulation of anthocyanins biosynthesis in potato, while StAN1, StMYBA1 and StMYB113 are expressed also in the absence of pigmentation (Liu et al. 2016 ). However, not only transcription factors were exploited to enhance potato anthocyanin accumulation and intensity of colour. A potato UDPglucose: flavonoid-3-O-glucosyltransferase (3GT), when overexpressed in cultivar Desiree, also caused increase in anthocyanin content and more intensive colour of the tuber skin (Wei et al. 2012) . This enzyme acting downstream of F3 0 ,5 0 H and DFR, catalyses the transfer of glucosyl moiety to anthocyanidins thus improving their stability and water solubility. A different method to increase anthocyanin content has been based on the overexpressing key enzymes involved in their synthesis also proved to be successful. Single-gene overexpression of genes encoding chalcone synthase (chs) and chalcone isomerase (chi), enzymes that mediate the first and second steps in the flavonoid biosynthetic pathway, resulted in a significant increase of phenolic acids and anthocyanins in potato tubers (Lukaszewicz et al. 2004) .
From the above review of the attempts to modify the quantity of anthocyanins in potato plants it is difficult to conclude which genes are most important for anthocyanin accumulation because any overexpression of genes involved in regulation of the process, or directly in the various stages of synthesis, indeed was successful. A genetic approach to tackle this problem has been rarely used. A quantitative trait loci (QTL) analysis of pigmented tuber flesh in potato identified three regions affecting the trait and located on chromosome V, VIII and IX (Zhang et al. 2009b ). Location of chi overlapped with QTL on chromosome V, while a bHLH transcription factor similar to petunia an1 (Stan1) co-localised with QTL on chromosome IX. Each of QTL on chromosomes V and IX explained up to 8.1% of variance observed in phenotypes of the mapping population and contribution of Stan1 allele to tuber flesh pigmentation was demonstrated using various other tetraploid potato genotypes (Zhang et al. 2009b) . The goal of this study was to explore further the natural diversity of potato regarding the intensity of the anthocyanin pigmentation and to use flower colour as a model to study genomic regions and candidate gene alleles key for accumulation of these pigments in various quantities. QTL analyses were performed in two diploid mapping populations segregating for flower colour intensity and candidate genes were identified on the basis of function and location (chi, chs) or location (RNAdependent RNA polymerase 1, RDR1). The first reason for including RDR1 as a candidate gene was its location in the peak of QTL in our preliminary analysis. However, the RDR function also might be related to anthocyanin pigmentation, since another RDR in A. thaliana has been associated with regulation of the anthocyanin biosynthesis (Willmann et al. 2011) . In case of one population, which was an F1 progeny of a wild parent and cultivar dihaploid, we analysed the sequences of candidate genes fragments descending from both parents. The flower colour treated as a model trait enabled identification of QTL and candidate gene alleles affecting pigmentation intensity. We postulate that the same QTL when present in potato genotypes with dominant alleles in loci D (I) (Salaman 1910; De Jong 1987) or Pf ( de Jong 1987 ) that govern pigmentation of tuber skin and flesh, may cause enhancement of colour also in tuber skin and flesh, respectively.
Materials and methods

Plant material
The studied material consisted of unselected F1 populations of diploid potato derived from two crosses (Table 1) . Population 12-3 (N = 159) was a progeny of hybrid clones DG 00-683 (white flowers) and DG 08-28/13 (dark violet flowers) and it has been previously used to map loci controlling tuber starch and leaf sucrose contents (Ś liwka et al. 2016) . The number of individuals in current study was reduced from the published one because of removal of the ones with missing flower colour data. Alleles in both parents might have originated not only from S. tuberosum but also from other Solanum species: S. chacoense (28 and 11% in the genomes of DG 00-683 and DG 08-28/13, respectively), S. gourlayi, S. microdontum, S. verrucosum and S. yungasense present in their pedigree. There is 9% contribution of S. phureja to the DG 08-28/13 genome. Using population 12-3 and 1597 Diversity Array Technology (DArT) and CAPS markers, a genetic map of both parental genomes has been constructed with total length of 1117 cM (Ś liwka et al. 2016 ).
Population 05-18 (dH Balbina 9 99-10/36; N = 114) has served previously for mapping a late blight resistance gene Rpi-rzc1 (Ś liwka et al. 2012 ). The late blight resistant parent, clone 99-10/36 (pale violet flowers), has been selected from the accession VIR 7370 (VIR 8664) from the N.I. Vavilov Institute for Plant Genetic Resources (VIR), Russia, previously identified as Solanum ruiz-ceballosii Cárd. (Zoteyeva et al. 2012) . Specimens made from the clone (Śliwka 99-10/36, sheets BM001211939 and BM001211940) were re-identified as Solanum brevicaule Bitter (sensu Spooner et al. 2016 ) following examination of material at the Natural History Museum (London) herbarium. The other parent (dH Balbina) is a dihaploid of Polish potato cultivar Balbina and has white flowers. A genetic map of population 05-18 is available and consists of 1603 DArT markers and 48 sequencespecific PCR markers with the total map length of 1204.8 cM (Ś liwka et al. 2012) .
More seeds of the cross dH Balbina 9 99-10/36 have been sown to obtain an extended population 12-4 for fine mapping of the Rpi-rzc1 gene. In that work, only locus on potato chromosome X containing the Rpi-rzc1 gene was enriched with sequence-specific markers (Brylińska et al. 2015) . In this study, 315 fullsibling individuals with flower colour data available (from populations 05-18 to 12-4) were treated jointly as population 12-4. The candidate gene markers were scored in this population but DArT genotyping data was not available for QTL mapping (Table 1) .
Flower colour assessment
Flower colour was evaluated on 1-4 scale, where 1 = white corollas, 2 = pale violet, 3 = violet and 4 = dark violet. It is a relative scale of increasing flower colour intensity, where score 4 is the most intensive violet observed in each mapping population. However, in population 12-3 the darkest violet (4) Sequence-specific DNA markers PCR markers At1g14790 (RDR1 fragment; Śliwka et al. 2012), chi and chs (Zhang et al. 2009b ) were amplified as described earlier. The reaction mixture contained in 20 ll: 2 ll of 10 9 PCR buffer, the four deoxynucleotides (0.1 mM), MgCl 2 (1.5 mM), primers (0.2 lM), Taq polymerase (0.05 U/ll) and 10-30 ng of template DNA. The thermal conditions of PCR reaction were following: 94°C-180 s; 40 cycles of: 94°C-30 s, 55°C-45 s, 72°C-90 s; 72°C-420 s. The polymorphism of all three markers was revealed directly as PCR products of different sizes in population 12-3, while in population 12-4 it was revealed after digestion of the chi and chs markers with Tru1I and EcoRI restriction endonucleases, respectively. The chi and chs PCR products obtained for dH Balbina and 99-10/36 were purified with a GenElute PCR Clean-Up Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's protocol. The PCR products were cloned into blunt . Quality check and trimming of the DNA sequences were done with ChromasLite 2 software and the consensus sequences were produced using MultAlin online software (Corpet 1988) .
Data analyses and QTL mapping
Two approaches for QTL mapping were applied. In populations 05-18 and 12-3 where DArT linkage maps were available (Table 1) , restricted Multi-QTL Mapping (rMQM) was performed in MapQTL Ò 6 software using F locus (1 = violet flowers, 0 = white flowers) as a covariate/experimental design cofactor (Van Ooijen 2009). QTL with an LOD score [ 3 were considered to be significant. Candidate gene markers were incorporated to the existing genetic maps using JoinMap Ò 4.1 (Van Oijen 2006) with setting described earlier (Śliwka et al. 2012, 2016) . rMQM was then repeated using the enriched maps. When the linkage map was not available, i.e. in the extended population 12-4, associations between candidate gene markers and flower colour intensity as well as determination coefficients (R 2 ) were estimated by the Student's T test and analysis of variance, respectively, excluding the individuals with white flowers from the analyses. The same was performed in the population 12-3, to enable comparisons. The fit of segregation to the expected ratio was checked by the v 2 test. All statistical analyses were done using Statistica 10 software (Statsoft Inc. 2011) .
Results
In the population 12-4 (population 05-18 included), ratio of individuals with white flowers to the ones with violet flowers was 151: 164 which was a proportion not deviated significantly from the 1:1 (v 2 = 0.29; p = 0.59). Similarly, in the population 12-3, 88 individuals had white and 71 individuals had violet flowers, (1:1: v 2 = 1.35; p = 0.25). Such ratios were in agreement with a hypothesis on segregation of a single gene with Ff 9 ff genotypes of parental forms, where allele F confers anthocyanin pigmentation in petals (Śliwka et al. 2012, 2016) . Application of rMQM in populations with available genetic maps (05-18 and 12-3) and using F locus (1 = violet flowers, 0 = white flowers) as a covariate allowed detection of QTL affecting flower colour intensity otherwise masked by the F locus. The strongest QTL was preliminary located on chromosome V in both populations (data not shown), therefore three candidate gene markers were chosen on the basis of function and location (chi, chs) or location (RDR1 fragment: At1g14790). The markers were tested for polymorphism, scored and incorporated to both genetic maps. The three markers were mapped to corresponding positions on chromosome V of both 05-18 and 12-3 maps, as shown in Table 2 . rMQM procedure was then repeated using the enriched maps and the results are also shown in Table 2 .
In population 05-18, a QTL with the strongest effect on flower colour intensity was found on chromosome V, spanning 11.4-33.6 cM with a 1 cM gap at 21.8-22.8 cM (Fig. 1a) . A DArT marker pPt-471439 at the QTL peak (LOD = 4.77; 27.7 cM) explained 6.0% of the variance observed in the trait and was inherited from the S. ruiz-ceballosii parent 99-10/36 with violet flowers. Candidate gene markers chi and chs were located outside the QTL, while marker At1g14790 had a significant effect on the trait (LOD = 4.43; R 2 = 5.6%). Three more QTL for flower colour intensity were detected on genetic map 05-18 on chromosomes VI, VII and XII. From 4.4 to 5.1% of variance in phenotype could be ascribed to these QTL and they covered narrow regions up to 2.7 cM (Table 2) .
In population 12-3, three QTL affecting flower colour were detected by rMQM ( Table 2 ). The most important one was located on chromosome V (0-27.1 cM) in a region in majority overlapping with the most significant QTL detected using population 05-18 (Fig. 1b) . Within the QTL on chromosome V, a DArT marker pPt-456666 (descending from both parents) and candidate gene marker At1g14790 (descending from the white flowering DG 00-683) had highest effects on flower colour intensity (LOD = 4.71; R 2 = 1.9%). The chi marker, also descending from DG 00-683, was significantly associated with the trait (LOD = 4.71; R 2 = 1.9%) and the chs was not. The remaining two QTL for flower colour intensity were located on chromosomes VI (44.5-45.6 cM) and VIII (19.3-19.5 cM) of the population 12-3 and explained up to 1.7 and 1.6% of the variance, respectively. The position of the QTL on chromosome VI was different from the position of the QTL detected in population 05-18 on the same chromosome (Table 2) .
To characterize QTL for flower colour intensity on chromosome V, candidate gene markers were scored in larger population 12-4.The same analyses were performed in the population 12-3. To ignore the effect of locus F, individuals with different flower colours were analysed separately in four categories (Figs. 2, 3) or individuals with white flowers were excluded from analysis (Table 3) . Under assumption that if candidate gene markers were linked to the flower colour intensity, the proportion of their alleles among individuals of violet flower categories would be deviated from 1:1, we tested marker segregation data for deviation from that ratio by a v 2 test (Figs. 2, 3 ). In population 12-4, the three candidate gene markers segregated 1:1 within individuals with violet flowers of medium intensity (Fig. 2c ) and within individuals with white flowers, with the exception of marker chs (Fig. 2a) . In the group of individuals with pale violet flowers (Fig. 2b) , there was a significant excess of alleles chi.a, At1g14790.a and chs.b, while among the individuals with dark violet flowers alleles chi.b and At1g14790.b were more frequent than expected (Fig. 2d) .
In the smaller population 12-3, alleles of candidate gene marker of different origins segregated, therefore (Fig. 3) . The alleles chi.f and At1g14790.f were here significantly more frequent among the progeny with pale violet flowers (Fig. 3b) and, unexpectedly also in the group with white flowers (Fig. 3a) . All eight individuals with dark violet flowers possessed allele chs.h (Fig. 3d) , while among the individuals with medium violet flowers (Fig. 3c ) no significant deviations from 1:1 in allele proportions were detected. However, in the population 12-3 the limited number of progeny in particular flower colour categories probably was the reason why the differences although present, were not statistically significant. The Student's T test and analysis of variance, performed on the individuals with violet flowers only, indicated that all three candidate gene markers were significantly associated with the violet flower colour intensity in both population 12-4 and 12-3 (Table 3 ). In the bigger dataset (population 12-4, N = 164) the percentages of variance explained ascribed to the markers were higher than in the smaller one (population 12-3, N = 71). In both populations, the strongest association was between colour intensity and the marker At1g14790: 33.1% of variance explained in population 12-4 and 18.0% in population 12-3 could be ascribed to this marker. The presence of the marker allele At1g14790.b was associated with the 0.9 score increase of the flower colour intensity in the population 12-4, while the presence of the allele At1g14790.e was associated with 0.6 score increase in population 12-3 (Table 3 ). For the other two markers the percentages of the variance explained ranged from 6% for the marker chs in population 12-3 to 11.3% for the marker chi in the same population. The effects of particular chi and chs alleles on the colour intensity scores were 0.4 or 0.5 (Table 3) .
For 99-10/36 parent 7 clones of marker chi and 6 clones of marker chs, while for dH Balbina 6 clones of marker chi and 7 clones of marker chs, were sequenced with the forward and reverse primers. Supplementary Fig. 1 . A Tru1I restriction site characteristic for the allele chi.a was located at 535 bp and an EcoRI restriction site characteristic for the allele chs.a was at 502 bp ( Supplementary Fig. 1 ). BLAST query of the chi fragments to reference potato genome DM1-3 v.4.03 matched to an unannotated fragment of chr05:1401031..1401838, while a query against general Nucleotide Collection (NCBI) retrieved fragments of chalcone-flavonone isomerases, e.g. NM_001320711.1 from Solanum lycopersicum in 97% identical to the allele chi.a. Chs fragments matched to the reference potato genome DM1-3 v.4.03 chr05:48887142..48888370 encoding chalcone synthase 2 (PGSC0003DMG400019110). There were two introns in the chi fragments and one in the chs fragment ( Supplementary Fig. 1) . Comparison of the chi alleles to the reference genome DM1-3 sequence showed one non-synonymous substitution in allele chi.b, two in allele chi.a and four in allele chi.c. The same comparison of chs showed three non-synonymous substitutions in allele chs.c, four in allele chs.d and six in alleles chs.a and chs.b. Alleles chs.a and Fig. 1 ).
Discussion
We detected three and four QTL affecting the intensity of anthocyanin pigmentation in potato corolla using the mapping populations 05-18 (12-4) and 12-3, respectively. In both populations a locus F, necessary for violet flower colour, segregated and we used three different approaches to differentiate the qualitative effect of this locus and to detect the genetic factors affecting the quantitative flower colour intensity: 1. rMQM and using locus F as a covariate (Fig. 1,  Table 2 ), 2. analysis of markers segregations separately in different flower colour categories (Figs. 2, 3 ) and 3. T-Student test and ANOVA performed on individuals with violet flowers only. In the first approach, rMQM, genetic maps of whole parental genomes were analyzed and the strongest QTL for flower colour intensity was located on chromosome V. It was the only QTL common for the two mapping populations. To characterize that region better, the candidate gene markers, chosen on the basis of function and location (chi, chs) or location (At1g14790), were used in the second and third approach. Markers chi and chs were taken from the earlier study in which marker chi was mapped within QTL for tuber flesh anthocyanin pigmentation in potato (Zhang et al. 2009b) .
Depending on the approach the strength of the QTL on chromosome V and the significance of the three candidate gene markers were estimated differently. According to T-Student test and ANOVA, all three markers (chi, chs and At1g14790) were significantly associated with flower colour intensity in both populations and 18.0 and 33.1% of the variance explained could be ascribed to the marker At1g14790 in population 12-3 and 12-4, respectively. In the rMQM, these effects were weaker (1.9% in population 12-3 and 5.6% in population 05-18), marker chs was not (Figs. 2, 3) . In the population 05-18/12-4, number of individuals included in rMQM was smaller (114) than in other analyses (315), which may be a factor affecting the results of analysis. However, in population 12-3 the number of individuals was the same in all analyses that still produced different outcomes demonstrating that the number of individuals was not the only source of differences. One possible explanation of the significant effects of the chi and chs markers is that they are just linked to the gene(s) underlying the trait. However, a second possible explanation would be that the specific combination of chs, chi and RDR1 gene alleles result in particular phenotypes (pale violet, violet and dark violet flower colour) and therefore all three genes contribute to the QTL (as shown in Figs. 2, 3) .
The QTL for flower colour intensity located in our study on chromosome V was most likely in the same position as the QTL for anthocyanin tuber flesh coloration described by Zhang et al. (2009b) , which is an important finding indicating that the same genetic factors may be involved in anthocyanin accumulation in different parts of the plant. Depending on the presence of loci: F (van Eck et al. 1993 Eck et al. , 1994 , D (I) (Salaman 1910; De Jong 1987) or Pf ( de Jong 1987) , the QTL on chromosome V may cause enhancement of violet colour in corolla, tuber skin and flesh, respectively, which may be useful information for breeding potatoes with pigmented tubers. The eggplant chromosomes V and X harbor QTL for anthocyanin distribution in tissues and organs such as fruit skin, stem, leaf, calyx, corolla, venation or fruit peduncle (Barchi et al. 2012; Ge et al. 2013; Toppino et al. 2016) . Although direct comparisons with eggplant QTL maps are hampered by the differences in genome organization between this plant and potato (Wu and Tanksley 2010) , this may be an indication of conserved character of QTL on chromosome V (Fukuoka et al. 2012; Rinaldi et al. 2016) , has an upper part orthologous to chromosome V (inversed in tomato) and lower part orthologous to chromosome XII. The synteny has been shown between eggplant QTL for anthocyanin pigmentation on chromosome X and the tomato region of chromosome V containing chs (Barchi et al. 2012) .
The role of chi and chs diversity in intensity of flower colour in potato has not been elucidated, but we showed that these genes may potentially contribute to the QTL effect. By sequencing the marker fragments from the parents of the mapping population 05-18 (12-4), we showed that they are indeed derived from the genes encoding chalcone isomerase and chalcone synthase. Chi fragments matched to the unannotated fragment of potato genome and the presence of functional chi at chr05:1400665..1403145 should be validated experimentally although it is supported by genetic mapping in our study and by Zhang et al. (2009b) . The particular fragmentary alleles of both chi and chs showed polymorphisms between clone 99-10/ 36 and dH Balbina, that would be manifested also on the protein level and could affect the protein activity. In an earlier study, both chi and chs, when overexpressed, caused a significant increase of phenolic acids and anthocyanins in potato tubers (Lukaszewicz et al. 2004) .
The third candidate gene marker, At1g14790 (C2_ At1g14790) originated from Conserved Ortholog Set II (SGN, Solanaceae Genomics Network) and has been designed on the basis of Arabidopsis thaliana RNA-dependent RNA polymerase 1 (AtRDR1, accession NM_101348.4). Two genes encoding RDR1, StRDR1a (PGSC0003DMG400031261) and StRDR1b (PGSC0003DMG400031261), have been identified in the potato reference genome DM 1-3 on chromosome V (Hunter et al. 2016 ). The location of those genes on reference physical map did not correspond precisely to our genetic map data (Table 2) . Hunter et al. (2016) (Hunter et al. 2016) . Plant RDRs are grouped in seven families (Hunter et al. 2016) and their functions include those processes where dsRNA and siRNAs are involved: development, reproduction, biotic and abiotic stress responses. The RDR6 in A. thaliana has been associated with siRNA-producing locus TAS4, which produces ta-siRNAs that target transcripts of MYB transcription factors regulating enzymes in the anthocyanin biosynthesis (Willmann et al. 2011) . Therefore, we cannot exclude that the association of the marker At1g14790 with potato flower colour intensity in our study was not only genetic but also functional, indicating StRDR1 involvement in anthocyanin synthesis regulation. This hypothesis can be supported by the fact that anthocyanins accumulation is responsive to salicylic acid treatments as it was shown in sweet cherry (Giménez et al. 2017 ) and grapes (Champa et al. 2015) .
